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Résumé :

L'étude du mouvement de bulles allongées, confinées dans des tubes, aussi appelée bulles de Taylor, est un problème très ancien [START_REF] Davies | The mechanics of large bubbles rising through extended liquids and through liquids in tubes[END_REF]. En général, le mouvement est généré par un gradient de pression, d'origine gravitaire ou appliqué de part et d'autre du tube. Dans ce cas très classique, il a été montré que la majeure partie de la dissipation prend son origine dans le film liquide comprimé entre la bulle et la paroi. Son épaisseur est fixée par un équilibre entre les forces visqueuses et capillaires, comme l'a montré Bretherton [START_REF] Bretherton | The motion of long bubbles in tubes[END_REF][START_REF] Cantat | Liquid meniscus friction on a wet plate : Bubbles, lamellae, and foams[END_REF]. Nous considérons ici un autre type d'actionnement de la bulle en appliquant une différence de potentiel entre les deux extrêmités du tube. En mesurant la vitesse de la bulle en fonction de la tension appliquée, et ce pour différentes concentrations de tensioactifs, nous avons observé des réponses non linéaires, qui dépendent fortement de la nature des tensioactifs utilisés. Mais de façon plus surprenante, la seule variation de la concentration en tensioactifs dans la solution entraîne non seulement une modification de l'amplitude du mouvement de la bulle mais modifie aussi la direction du mouvement. Nous présentons ici ces résultats expérimentaux ainsi qu'une première explication qualitative de ce comportement particulier. Ces résultats constituent une première étape dans la réalisation de canaux nanofluidiques à bas coût et reconfigurables, comme proposé récemment dans la littérature [START_REF] Ma | Dimension-reconfigurable bubble film nanochannel for wetting based sensing[END_REF].

Abstract :

The motion of elongated bubbles (liquid slugs) in tubes is a very old problem, investigated by Taylor who gave his name to the so-called Taylor bubbles [START_REF] Davies | The mechanics of large bubbles rising through extended liquids and through liquids in tubes[END_REF]. Generally, the motion is generated by a pressure gradient, originating from buoyancy or applied forces for example. In this very classical case, it has been shown that most of the dissipation takes its origin in the liquid film squeezed between the bubble and the wall. Its thickness is set by a balance between viscous and capillary forces, as shown by Bretherton [START_REF] Bretherton | The motion of long bubbles in tubes[END_REF][START_REF] Cantat | Liquid meniscus friction on a wet plate : Bubbles, lamellae, and foams[END_REF]. We consider here another type of bubble actuation, electrically driven motion. By measuring the velocity of the bubble as a function of the applied voltage, and for various surfactant concentrations, we observed non-linear responses, as well as a dependency on the chemistry of the solution. In particular, varying the surfactant concentration results not only in the magnitude of the bubble motion but surprisingly also in its direction. We will present here these experimental results together with an explanation of this peculiar behaviour. These new findings will give some insights into the realization of soft reconfigurable nanofluidic channels [START_REF] Ma | Dimension-reconfigurable bubble film nanochannel for wetting based sensing[END_REF].

Introduction

When a bubble is trapped in a capillary, it takes an elongated shape, a so-called liquid slug. The motion of these liquid slugs has been extensively investigated, as it represents a model systems to study coating strategies in capillary, degassing kinetics of porous membranes, bubble motion nucleated in the sap ducts in trees during water stress or gas embolism in veins during scuba diving.

The motion and the film thickness deposited through the motion of long bubble at very low velocity has been explored long ago, by Taylor [START_REF] Davies | The mechanics of large bubbles rising through extended liquids and through liquids in tubes[END_REF] and Bretherton [START_REF] Bretherton | The motion of long bubbles in tubes[END_REF]. They show that the deposited film thickness is a monotonic function of the bubble velocity. A larger velocity, non-monotonous behavior has been reported, accounting for inertial effects [START_REF] Aussillous | Quick deposition of a fluid on the wall of a tube[END_REF]. More recently, it was shown that the exact dependency depends on the exact nature of the stress at the liquid gaz interface, though depend on the presence of impurities or surfactants in the liquid solution [START_REF] Cantat | Liquid meniscus friction on a wet plate : Bubbles, lamellae, and foams[END_REF].

Here, we consider another type of actuation, the application of an electric field to induce the bubble motion. Electrophoresis of multphase flow is of large interest in oil recovery processes and most importantly for lab-on-chip applications [START_REF] Ma | Dimension-reconfigurable bubble film nanochannel for wetting based sensing[END_REF][START_REF] Münchow | Electrophoretic partitioning of proteins in twophase microflows[END_REF].

The electrokinetic properties of liquid-gas surfactant laden interfaces have been extensively characterized [START_REF] Blanc | Electroosmosis near surfactant laden liquid-air interfaces[END_REF][START_REF] Bonhomme | Electrokinetic transport in liquid foams[END_REF][START_REF] Joly | Anomalous ζ potential in foam films[END_REF]. However, in these studies, the effect of surfactant concentration on bubble electrophoresis velocity, or the effect of confinement on the bubble electrokinetic motion has been less explored. Experimentally, Takhistov et al. [START_REF] Takhistov | Electrokinetic displacement of air bubbles in microchannels[END_REF] reported some effects of the bubble length and salt concentration on the magnitude of the motion of a liquid slug in a capillary. Here, we go one step further and we investigated the effect of the surfactant concentration on this process. We report there a counter intuitive behavior ; when the surfactant concentration is increased, a reversal of the direction of the bubble motion is observed.

Materials and Methods

Materials

In this study, we used one of the typical anionic surfactants, SDS (sodium dodecyl sulfate). The SDS (Sigma-Aldrich, 98.5%) solution was prepared with the following process. Firstly, the mother solution with the concentration of 100 mM is prepared one day before the experiment to make sure that the surfactant is fully dissolved in DI water. Then, solutions for the experiment are made through the dilution process with 1 minute of ultra-sonication on each dilution. The concentration of the solutions is ranging from 0.01 cmc to 5 cmc, and the unit of the concentration is based on the critical micelle concentration (cmc) with the 1 cmc of 8.2 mM in water at 25 • C. The solution is always renewed in every experiment to avoid the hydrolysis of sodium dodecyl sulfate to dodecanol.

The gas bubble in a glass capillary tube (HIRSCHMANN Ringcap, 20 µl) is created via a syringe pump to control the size of the bubble. Firstly, one side of the empty capillary is connected to tubing and a syringe and the other side is dipped in the SDS solution. The solution is withdrawn with a constant flow rate until half of the capillary is filled. Then, the capillary is gently pulled out from the solution and atmospheric air is withdrawn with a constant flow rate. When the bubble reaches the target size, finally, the capillary is again dipped in the solution and entirely filled with the solution. 

Methods

The prepared capillary is carefully inserted into the two reservoirs where a single hole is pre-punched as shown in figure 1. To avoid the bubble from moving due to the unwanted hydrostatic pressure, the level of the reservoirs is adjusted by adding solution dropwise. Then, two platinum electrodes are positioned at the end of the capillary. The electric voltage ranging from 10 V to 1000 V is applied by a high-voltage generator (Labsmith, HVS448 3000D). While the voltage is applied, the motion of the bubble is captured through a CMOS camera (IDS Imaging Development Systems GmbH, UI-3260CP Rev. 2) connected to a fluorescence microscope (ZEISS Axio Zoom.V16) with 10 fps.

Results

Bubble motion : effect of applied voltage

Some typical experimental results are reported in figure 2. Under a given electric field, the bubble position is varying linearly with time. One can then report a bubble velocity, that will depends on the applied voltage, as reported in figure 3. The voltage ranges from -1000V to 1000V.

At low voltage, a linear dependency of the velocity as a function of the voltage is observed, where as at larger applied voltage (i.e. above 100 V), a sub-linear regime is observed. From the linear regime, a bubble mobility µ, the slope of the curve in the linear regime, can be extracted. It is of the order of -0.004 mm/SV. 

Bubble direction : effect of surfactant concentration

To better understand the phenomena, the SDS concentration is systematically varied. The concentration ranges from 0.01 cmc to 5 cmc. As shown in figure 3, the bubble velocity is proportional to the applied voltage as also shown in figure 2A when C SDS is 0.01 cmc. When C SDS increases up to 0.05 cmc, it becomes almost 0 mm/s at all voltage even at very high voltage. Above 0.05 cmc concentration, as the concentration increases, the velocity direction is changed, and its magnitude increases as a function of voltage. To quantify this effect, we report in figure 3B the value of the bubble mobility as a function of the SDS concentration. µ continuously decreases when SDS concentration is increased, changing its sign for a concentration around 0.06 cmc.

Discussion

Two main features need to be explained : (i) the sublinear variations of the velocity as a function of the applied voltage, (ii) the direction reversal when the concentration is increased.

Bubble velocity : electrophoresis

The main force that is exerted on a bubble in an electric field is an electrophoretic force F ep . At leading order, this force is simply proportional to the electric field, and reads such as F ∼ ϵRζE, with ϵ the in most situations. Balancing the two forces, we recover that the bubble velocity varies with the applied voltage as U ∼ ∆V 3/2 , which is definitely not in good agreement with our observations. However, more detailed analysis, taking into account ion diffusion along the interface and subsequent polarisation [START_REF] Schnitzer | Electrophoresis of bubbles[END_REF] predicted a single bubble velocity in an infinite medium, such as U ∼ ∆V at low voltage and U ∼ ∆V 2/3 at larger voltages. This is in good qualitative agreement with our observations, despite the main differences between the two situations considered (surfactant free bubble and infinite medium in the theoretical approach, surfactant laden interfaces in confined environment for our experiments). However, in these confined environments with surfactant laden interfaces, polarization effects at the origin of these scalings might be definitely relevant.

Figure 1 -

 1 Figure 1 -Experimental setup to record the bubble translation. The motion of the bubble is observed through microscope while the electric voltage is applied at the edges of the glass capillary.

Figure 2 -

 2 Figure 2 -The difference in the bubble motion dependent on C SDS . The electric voltage is +100 V for both cases. A The image sequence of the bubble moving along the electric field in C SDS of 0.01 cmc. B The image sequence of the bubble moving against the electric field in C SDS of 0.1 cmc.
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 323 Figure 3 -A The bubble velocity dependence on the electric voltage and the concentration of SDS. B The mobility of the bubble obtained by the slope of figure 3A in a linear regime ; the electric voltage is from -100 V to 100 V.
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Bubble direction

The bubble direction can be tuned by varying the amount of surfactants in the solution. In fact, the interface of the glass capillary bears also some negative charges, due to the ionization of silanol groups at the glass surface. An electro-osmotic flow is then generated at this interface, which counteracts the bubble motion. Varying the surfactant concentration is a direct way to tune the magnitude of the bubble electro-phoresis. And a direction reversal is achieved when both effects are of similar magnitude, as proposed by [START_REF] Sherwood | Electrophoresis of tightly fitting spheres along a circular cylinder of finite length[END_REF]. It is achieved when the zeta-potential of both interfaces have the same magnitude, i.e.

Conclusion

In this study, we have investigated the dynamics of the bubble, confined in a tube, in the presence of the surfactants, under an applied voltage. We have qualitatively shown that the motion of the bubble is influenced by the applied voltage and the concentration in surfactants of the liquid solution. We have discussed the sublinear variations of the bubble velocity and the reversal motion of the bubble.

To give a better insight on the dynamical motion of the bubble under the electric field under confinement, the following points need to be carried out as future works.

1) Quantitative description : Although we have shown the experimental results of the sublinear behaviour and the reversal motion of the bubble, the quantitative analysis is yet to be sufficient. Therefore, the quantitative analysis will be carried out.

2) Concentration polarization : As the concentration polarization can be utilized for practical applications and is a good indicator for the ion selectivity [START_REF] Ma | Dimension-reconfigurable bubble film nanochannel for wetting based sensing[END_REF], it should be implemented in this study.

3) Multi-bubble experiment : After the single bubble analysis which gives the underlying principles of the bubble dynamics, a multi-bubble experiment (two or more) will be performed to investigate the electric and hydrodynamic interactions among bubbles in motion [START_REF] Sherwood | Electrophoresis of tightly fitting spheres along a circular cylinder of finite length[END_REF].